New multifunctional materials based on well-established materials to which functional properties are added, such as antibacterial performance, have become a relevant research topic, in order to meet the requirements of today's technological advances. This paper reports the results of a detailed structural and chemical characterization study of ZrCN-Ag coatings produced by reactive magnetron sputtering, as well as the release of silver after immersion in a simulated body fluid (Hank's balanced salt solution), which mimic the material behaviour within the human body. The chemical composition was evaluated by electron probe microanalysis, x-ray photoelectron spectroscopy and Rutherford backscattering spectroscopy, whereas the structure was assessed by Raman spectroscopy and x-ray diffraction. The material exhibits a homogeneous distribution of the elements throughout the films, with a (C + N)/Zr ratio of around 1.3 and 15 at% of silver. A mixture of amorphous (a-C and CN x ) and crystalline phases (ZrCN) was identified. In addition, the silver was detected to be released in less than 0.7% of the total silver in the films, occurring during the first two hours of immersion; no further release was evidenced after this period of time.
Introduction
The development of new materials involves not only a proper combination of elements but also an appropriate material architecture design, depending radically on the application to which the product will be used. However, certain characteristics such as high quality, efficiency and durability should be predominant features that a material must possess nowadays. Transition-metal carbonitrides are good example of these materials; widely appreciated due to their capacity to extend the lifetime of many industrial tools and to improve mechanical properties, thanks to their high hardness, corrosion resistance, high melting point, low coefficients of friction and abrasion resistance [1] [2] [3] [4] [5] [6] [7] . ZrCN, for instance, although rarely used for technological application as a bulk material, has in the last decade become very attractive in the form of thin films due to their remarkable mechanical, tribological, chemical, decorative and biocompatibility properties [8] [9] [10] [11] . ZrCN hardness has been reported in a wide range of values, starting from a few GPa up to values as good as 35 GPa, depending on the architecture of the material (thin films, multilayers, among others) and its combination with others elements [8, 9] . These ternary materials also have good bio-related properties, having demonstrated their potentiality for medical devices. Balaceanu et al [7] have shown that Zr/ZrCN multilayer coatings with low carbon content may be promising for biomedical applications, substantially improving the biocompatibility of stainless steel 316L implants. Khan et al [12] on the other hand showed that ZrCN films were attractive as surgical tools due to their biocompatibility with the human body, enhancing the fatigue lifetime of the components. Hollstein et al [13] have demonstrated that ZrCN films are more chemically resistant than those based on Ti and that a variety of ZrCN films have fulfilled the requirements for short-term applications in the human body.
Despite all the characteristics depicted for ZrCN films, additional features such as antibacterial capabilities are demanded in the field of biomaterials. However, to the authors' knowledge only one report has been published regarding this topic. Lai et al [14] deposited ZrCN/a-C composite coatings with significant short-term antibacterial effect. However, in order to better exploit the ZrCN characteristic, this effect must become a long-term property in order to be used in applications such as orthopaedic prosthesis, catheters and stents, among others. For that reason, the introduction of an antibacterial agent which helps the system to maintain a steady bactericidal effect for longer periods of time might solve this problem.
Silver, has been extensively studied and is known as an efficient and effective antibacterial agent [15] [16] [17] [18] [19] [20] [21] . Nonetheless, the durability of the effect is ignored in most of the reports, precluding their use in long-term applications. Thus, this effect stability gains particular importance when dealing with applications involving the human body since the reduction of this effect as a function of time could expose the material to a normal colonization and became a nonantibacterial material. The majority of studies report a quick release of silver ions during the first days of contact of the material with the simulated body fluids. A reduction of Ag + release was observed after a few days for very low values, generally for less than 15 days of immersion [18, 22, 23] . Nevertheless, no explanation was found for such phenomena.
Thus, with the aim of better understanding the mechanisms behind the silver ion release from complex matrices, this work presents the characterization of ZrCN film with silver nanoparticles synthetized by reactive dual magnetron sputtering and evaluates the silver release after immersing the samples into Hank's balanced salt solution (HBSS) electrolyte that simulates the body fluids. Special attention will be focused on the understanding and description of the structural characteristics of ZrCN with silver nanoparticles, as well as on the material ability to produce silver ions, with the purpose of controlling ions release and being able to manage the antibacterial effect and the cytotoxicity of the material.
Materials and methods

Coatings production
Zirconium carbonitride coatings with silver nanoparticles (ZrCN-Ag NPs) were deposited onto 316L stainless steel (SS316L) and Si (1 0 0) substrates, using a dual magnetron sputtering system equipped with a rotating substrate holder system, employing two 99.8% Zr targets. In order to introduce the silver nanoparticles, one Zr target was modified with silver pellets distributed along the target erosion zone, maintaining a Zr/Ag area ratio around 3. The base and working pressures of the deposition were kept around 8.7×10
−4 Pa and 2.1 × 10 −1 Pa, respectively. The rotation speed of the substrate holder was maintained at 8 rpm to achieve homogeneous films. Before the deposition, a cleaning pre-treatment of the substrates was performed in order to guarantee the adhesion of the films, consisting in removing the dust and degreasing the surface with ultrasonic baths using ethanol, acetone and distilled water during 10 min for each fluid. Thereafter, samples were etched in an Ar atmosphere for 1200 s. A zirconium interlayer was deposited, ensuring a proper interface between the stainless steel and the ZrCN-Ag layer. Finally, the ZrCN-Ag NPs multifunctional layer was added to the system using 60 sccm Ar flux, 4 sccm of N 2 and 1.2 sccm of C 2 H 2 , keeping Zr-Ag and Zr target density currents at 2.5 mA cm −2 and 7.5 mA cm −2 , respectively. The chamber temperature (573 K), bias voltage (−50 V), targets voltage and pressure were monitored and kept constant during the entire experiment.
Chemical and physical characterization
After deposition, samples were analysed by a Cameca SX 50 electron probe micro-analyser (EPMA) with the purpose of determining the coating chemical composition. X-ray diffraction (XRD) was employed to reveal information about the film crystalline structure, using a Siemens diffractometer with Co Kα 1.78897 Å radiation in grazing angle mode. Additionally, and due to the high tendency of C and N to form amorphous phases in these types of films [2, 8, 14, 24] , a Renishaw InVia Microscope with an excitation light of Ar 514.5 nm laser was employed to obtain Raman spectra in order to identify these phases.
Rutherford backscattering spectrometry (RBS) was performed with the aim of evaluating in-depth compositional profile of the coatings, due to the fact that this technique presents a high elemental sensitivity for heavy elements. The experiments were carried out by means of a 5 MV HVEE Tandetron at the Centro de Micro-Análisis de Materiales of Universidad Autónoma de Madrid. The RBS spectra were collected with He ions at an ion dose of 10 µC and energies range between 3.68 and 3.80 MeV. The analysis at different ion energies provides complementary information about the coatings structure. The data were acquired simultaneously with two silicon surface barrier detectors located at scattering angles of 170
• and 165
• , respectively, with an energy resolution of 16 keV. The experimental spectra were fitted using the program RBX [25] .
Finally, x-ray photoelectron spectroscopy (XPS) spectra were measured in an ultrahigh vacuum system at a base pressure below 8 × 10 −8 Pa using a hemispherical analyser (SPECS Phoibos 100 MCD-5). The pass energy was 9 eV giving a constant resolution of 0.9 eV. The Au 4f 7/2 , Ag 3d 5/2 and Cu 2p 3/2 lines of reference samples at 84.0 eV, 368.3 eV and 932.7 eV, respectively, were used to calibrate binding energies. A twin anode (Mg and Al) x-ray source was operated at a constant power of 300 W using Mg Kα radiation. For samples cleaning, ion bombardment was carried out using a penning ion source (SPECS IQP 10/63) with an angle of 45
• between the normal to the surface and the ion gun axis, and an ion beam energy of 3 keV, raising the pressure to 4×10 −2 Pa of Ar + . The ion beam current density, measured with a collector that can be placed in the same position as the sample holder, was 4.6 µA cm −2 . Those experimental conditions lead to an ion beam with a flat profile greater than ∼10 × 10 mm 2 .
Silver ion release
Samples of 1.7 cm 2 were immersed into 200 ml of HBSS and their compositional depth profile was evaluated after 0, 2, 48 and 168 h of immersion by RBS and glow discharge optical emission spectroscopy (GDOES). The GDOES experiments were utilized to evaluate the compositional profile of the as-deposited samples and after immersion, allowing the prediction of silver distribution and evolution along the experiment. The tests were performed using a Jobin Yvon RF GD Profiler equipped with a 4 mm diameter anode and operating at a typical radio frequency discharge pressure of 650 Pa and a power of 40 W. Additionally, film surface was evaluated in order to detect small variation in the composition and morphology. The morphology was assessed using a NanoSEM-FEI Nova 200 scanning electron microscopy while surface chemical composition and bonding were assessed by XPS, acquired by using the experimental setup explained in the structural methodology, without sputtering the samples in order to obtain the effect of the electrolyte on the surface.
Finally, the fluids were analysed by means of an inductively coupled plasma mass spectrometer (ICP-MS) to evaluate the accumulation of silver ions in the electrolyte.
Results and discussion
Chemical composition
The films compositions were obtained by EPMA and RBS techniques and are presented in table 1. Due to the complexity of the RBS modelling for a compound consisting of 4 elements, the EPMA results were used to define the start point for RBS fitting model. Both techniques gave considerably similar results, in which the main differences are found in the C and Ag content. The results revealed not only the presence of Zr, C, N and Ag but also the existence of oxygen in the films. In fact, this oxygen may come from residual oxygen in the deposition chamber during the production, as well as a small amount due to natural surface oxidation that uncontrollably occurs on metals such as Zr in contact with moisture in the environment [26] .
The profile composition obtained after fitting RBS results shows a constant composition throughout the film, up to the zirconium interlayer, in which the combination of zirconium with the elements from the functional films is noticed, mainly due to the roughness of the substrate (65 nm). Figure 1 shows an example of the RBS spectrum with its corresponding fitting result.
The composition shown in table 1 revealed an excess of carbon and nitrogen in relation to the Zr content with (C+N)/Zr ratio around 1.3, suggesting that not only may crystalline ZrCN phases be present in the films, but also C and CN x amorphous phases, later confirmed by XRD and Raman spectroscopy. This mixture of phases could beneficiate the tribological and mechanical properties of the films, inducing reduction in the coefficient of friction due to the formation of the amorphous phases as reported by Silva et al [8] ; in addition, the ratio between the C/N implemented in this work has been reported by others groups [27] to increase the microhardness of such materials; however, due to the formation of the mentioned amorphous phases and the presence of a soft metallic phase (Ag), the hardness of this material is not expected to be very high.
Furthermore, in such a complex matrix, several possible element combinations can be expected, among which both amorphous phases such zirconium oxide, carbon and carbonitrides, as well as, crystalline phases such as zirconia, zirconium carbide, nitride or carbonitride and oxynitride can be present. Thus, in order to better understand the phases presented on the films, XRD, Raman spectroscopy and XPS were conducted.
X-ray diffraction
XRD spectrum is shown in figure 2 . The material possesses a well-defined crystalline phase with a face-centred cubic (fcc) structure B1 typical of ZrCN. The diffractogram shows a preferential (1 1 1) orientation, with the peak located between the ZrC and ZrN reference peaks, which demonstrates a complete miscibility of these phases, forming a solid solution of ZrCN [1, 28] . In addition, oxygen at low amounts can substitute nitrogen/carbon atoms or be located at interstitial sites in the fcc crystal, implying a lattice distortion and formation of non-uniform microstress [29] .
ZrCN compounds have been found to obey Vergard's rule [1] , where the lattice parameters from the forming binary compounds can be combined in a linear manner to obtain the lattice parameter of the ternary compound, as shown in equation (1) . It correlates the lattice parameter and the ratio between the carbon and nitrogen content in the crystalline phase,
where a is the lattice parameter and x is the carbon concentration in relation to the C+N concentration (C/(C+N)). Using this relation, it is possible to estimate the carbon and nitrogen associated with the ZrCN phase. Thus, calculating the x value from equation (1), the C/(C+N) ratio is established around 0.3, which represents a phase with 30% of C and 70% of N linked to the ZrCN. Therefore, the nitrogen and carbon excess could represent the amount of amorphous phase formed by those two elements. Nevertheless, special care must be taken since Zr is not expected only to be bonded to ZrCN. The presence of oxygen may induce the formation of other types of compounds such as ZrO 2 in an amorphous phase and/or interstitial oxygen could be found into the ZrCN lattice. In the first case, the effect on the previous calculation is to increase N and C excess available to form the amorphous C and CN x phases, maintaining the C/(C + N) ratio. In the second case, the interstitial oxygen would produce a slight shift in Bragg's angle to higher angles, signifying a decrease in the lattice parameter which in turn increases the C/(C+N) from Vergard's relation, without affecting the amount of C + N available for the amorphous phase formation. Therefore, in order to obtain a better comprehension and occurrence of these situations, further analyses were carried out by Raman spectroscopy and XPS and are presented in their respective sections. Silver, on the other hand, did not show a well-defined crystalline phase in the XRD spectrum. The deconvolution of the peak around 45
• leads to the determination of two peaks. At 45.7
• the peak belongs to the (2 0 0) plane of ZrCN while the other peak at 44.6
• corresponds to the (1 1 1) plane of silver (ICDD 01-087-0719). The grain size of silver phase calculated by means of Scherrer's formula is around 3.4 nm. Figure 3 shows the morphology of the film obtained by SEM. Three magnifications are shown for analysing the surface of the samples, as well as the cross-section of the coating. It may be seen in figure 3(a) that the film adopts the surface morphology of the substrate, displaying the steel grain boundaries. However, a closer look to the surface unveils a granular surface of the film itself. Figure 3(b) , obtained using a backscattered electrons detector, shows a slight difference in brightness of a few spots on the surface. This contrast might signify differences in mass between particles, in which the brightest element may represent the silver particles. However, energy dispersive x-ray analysis (EDS) did not reveal any significant differences between zone 1 (Z1 figure 3(b) ) and zone 2 (Z2 figure 3(b) ) mainly attributed to the size of the particles and the resolution of the method, leading us to conclude that there is a homogeneous distribution of the silver over the material surface. The cross-sectional image ( figure 3(d) ) revealed significant differences between the Zr interlayer, with a columnar growth, and the functional layer where a granular morphology is detected. This granular behaviour is believed to be promoted by the silver nanoparticles together with the amorphous phases [30, 31] that limit the directional growth of the films by forming small grains within the ZrCN grains. In addition, the small particles on the material surface are also observed on cross-sectional images, with sizes lower than 20 nm. Finally, it may be concluded that the silver is well distributed along the surface, as well as on the films' profile without evidence of silver agglomeration and/or precipitation to the surface of as-deposited samples; such segregation has been reported in similar materials [24, 32] .
Raman spectroscopy
C-C bonds were identified by Raman spectroscopy (figure 4), revealing amorphous carbon phases in the films. At 1336 cm −1 and 1570 cm −1 the signal corresponding to the D (disordered) and G (graphitic) band of the carbon are observed, respectively [5] . The former is attributed to the bond angle disorder in the graphite-like phase, while the latter is identified as the graphite layers of sp 2 bonds [12] . Kurt [33] also explains that D band could appear due to the finite size of the graphite domains and originates from grain boundaries or imperfections, such as substitutional N atoms, sp 3 C or other impurities. Zheng states that the G band arises from the symmetric e 2g levels [34] . Therefore, these two peaks reveal a highly disordered structure as expected for an amorphous carbon. On the other hand, similar to the vibrational modes of the graphite, the ZrN forbidden bands (the first order Raman scattering) are observed due to the disorder and imperfection of the structure [29] . Moura et al showed the presence of a principal peak of ZrN around 500 cm −1 attributed to the asymmetric band [29] , peak which was also found in the material studied in this work but slightly shifted to lower frequencies probably due to the compressive stress and the lattice dynamics. In addition, the presence of a small shoulder at higher frequencies (580 cm −1 ) may be attributed to the presence of oxygen in the structure [29] , as confirmed by XPS.
X-ray photoelectron spectroscopy
Binding energies results for different types of bonds are shown in figure 5 and table 2, as well as binding energy reported by other researchers. The peak at 284.8 eV is attributed to the carbon linked to carbon, revealing the amorphous carbon phase that was expected due to the composition of the films and later confirmed by Raman spectroscopy. Furthermore, C-Zr bonds were identified at 282.5 eV. This is consistent with the component observed at 179.8 eV in the Zr 3d band. The C1s band shows also an additional feature at 286.1 eV; this peak should be attributed either to C sp 2 -N and C-O bonds which could indicate both interstitial oxygen in the ZrCN structure and CN x amorphous phases [35] . These bonds were confirmed in the O 1s and N 1s range of energies in which peaks for energies near to 532.7 eV previously reported for O-N and O-C bonds [36] and 400.2 eV revealing N-O, and therefore, discarding N-C sp 3 bonds that are not observed in the C spectrum. In addition a peak close to 399.0 eV was evidenced, confirming the N-C sp 2 bonds. The results allow calculating the ratio between the Zr-C/(Zr-C + Zr-N), finding similar results compared with Vergard's equation in the XRD section, showing a compound with the following stoichiometry ZrC 0.35 N 0.65 , as seen in table 2. Thus, the crystalline phase is a phase in which around 35% of the N atoms were substituted by carbon atoms forming a solid solution. However, the amount of the amorphous phases evidenced by N-C (399.0 eV) and C-C (284.4 eV) bonds cannot be accurately estimated, due to the amount of oxygen present in the material surface, and therefore, only rough estimations about the ration between the crystalline and the amorphous phases can be performed. Thus, considering the bonds between the zirconium with carbon and nitrogen and the bonds between carbon with carbon and nitrogen, it was possible to calculate that the total (ZrCN crystalline phase)/(a-C + C-N amorphous) is around 1.3. This ratio between the phases can play a very unique role in mechanical, tribological and corrosion resistant properties of the films, since it is well know that the amorphous phases can decrease the coefficient of friction, as well as alter the hardness and young modulus of the film [8] . Anyway, concentration calculations by XPS should not be overemphasized because the previous sputtering treatment carried out to remove adventitious carbon could lead to preferential sputtering of light elements of such a complex compound.
As was mentioned before, Zr might easily form ZrO 2 with the environment on the material surface, a fact that can explain the high amount of oxygen in the XPS results, which may disagree with the bulk composition analysis of the material since the technique only assesses the first few layers of the samples (∼2.5 nm if Zr 3d photoelectrons are being analysed). The results showed a large portion of the zirconium linked to oxygen (182.3-182.4 eV), expressing the high reactivity of this material and its ability to form passive layers, which in turn could be beneficial to properties such as corrosion resistance.
For Ag 3d, a broad band at ∼369.4 eV was detected in addition to the metallic peak at 368.4 eV. Some authors have attributed this band to metallic sub-nanoparticles associated with clusters smaller than 4 nm [37, 38] . This band has been shown to change its position and form depending on the cluster sizes and distribution. The width observed in this work (∼1.6 eV FWHM) points to a large distribution of cluster sizes, while the metallic silver peak is positioned at the energy reported by several authors [24] , as presented in table 2. The peak related to Ag-clusters has been detected before and after sputtering, but with different metallic/cluster ratio. For samples before sputtering, almost 92% of the silver is metallic, while after sputtering this percentage decreases to 79%. This cluster amount reduction at the surface is believed to be essential in the silver ion release of the films and will be further discussed in the silver dissolution.
Silver ion release
The chemical composition evolution of the films before and after the immersion in HBSS evaluated by RBS did not evidence significant changes. The spectra were fitted using the same layer model, obtaining compositions presented in Composition at 250 nm and on the surface of the films is presented, revealing very stable films after immersion, decreasing 1 at% of the silver on the material surface after 168 h. Nonetheless, the differences between the samples are within the measurement error of the technique, and hence, it is impossible to conclude that any silver release is reached after immersion, and therefore, more precise techniques were necessary to evaluate the evolution of the silver after immersion. Thus, in order to better show the change in silver composition in the films GDOES, XPS and ICP results are presented. Figure 6 shows the depth profile composition of the films obtained by GDOES. The profiles of the samples after immersion are very similar to as-deposited ones confirming the results from RBS. In addition, a thin layer of silver located on top of an oxide layer is revealed, which was reduced after the samples were immersed into HBSS, as shown in figure 7(a) . A decrease of the top silver films was observed after immersion, but in very low quantities, only in the first 2.5 nm of the surface. In addition to the silver, phosphorus (figure 7(b)) and sulfur (figure 7(c)) were detected by GDOES on the material surface after immersion, slightly increasing with increasing immersion time. Despite the fact that the reduction of the silver peak and the increment of the S and P peaks were evident for every sample after immersion, the amount of these elements was not calculated by GDOES since the results were considered to offer only qualitative information about the distribution of the elements in the film, as well as the evolution of the silver after immersion. Thus, in order to quantify the mentioned silver released, ICP was utilized using the fluid employed during RBS and GDOES experiments, showing that around 0.7% of the silver in the films was released, which corresponds to a 7 ppb cm −2 . This amount of silver corresponds to a 0.077 at% of the total composition of the films, explaining why the differences were not noticed by RBS in bulk analysis. It may also be stressed that the release of the silver was observed in the first two hours of contact with the fluid but after that time no further release is evidenced either by GDOES and ICP measurements. These results lead to the conclusion that silver ionizes in very low quantities and that only the silver on the material surface may be oxidized. The GDOES results reveal that sulfur and phosphorous penetration could indicate the maximum penetration of the electrolyte modifying the material, which partially explains the low release of silver to the medium since the S and P were only observed in the first 5-7 nm of the film. Nonetheless, not all the silver located in the first nm of the material was ionized, and hence, the existence of elements such as O, S and P may induce the formation of some more stable silver compounds than the metallic nanoparticles silver such as sulfides, sulfates, phosphates and oxides. Thus, XPS analyses were carried out to clarify the results. Figure 8 shows XPS spectra of samples before and after immersion. A clear sulfur appearance on the surface of the material is observed after contact with HBSS, which is likely to come from the MgSO 4 present in the electrolyte. However, the peak position around 162.3 eV revealed that the sulfur is probably forming a sulfide (S −2 ), instead of a sulfate (SO −2 4 ) whose energy has been reported close to 168.3 eV [37] .
Based on XPS reports for Ag 3d bands [37] , metallic silver compared with the different silver compounds such as AgCO 3 , AgNO 3 , Ag 2 S and AgCl, AgSO 4 present very close binding energies. Only Ag oxides display binding energies 0.8 eV below the metallic peak. Therefore, the small peak observed near 367.1 eV should be associated with silver oxides, although the formation of Ag 2 S cannot be ruled out, since the binding energies reported for Ag-Ag and Ag-S overlap [37] . Comparing these results with the XPS after sputtering presented in the XPS section for the structural characterization, a reduction in the metallic/cluster area ratio after Ar + bombardment is observed. Such reduction indicates an increase in the metallic form of the silver and a decrease in the clusters forming on the material surface, which also contributes to diminishing the silver ionization, since on decreasing the silver particle size the ionization is augmented, and therefore, the lower the clusters are on the surface, the lower is the silver ionization.
On the other hand, a redistribution of the silver on top of the films was observed as shown in the surface image of the samples before ( figure 9(a) ) and after 168 h immersion ( figure 9(b) ). The images were taken using backscattering electron detector, revealing the formation of particles with different composition to the film (white spots) with sizes below 300 nm as shown in figure 9 (c). The differences in composition between the particles and the films were analysed by EDS and the results are shown in figures 9(d) and (e), respectively. The particles displayed a more intense peak of silver compared with the zirconium peak, revealing a larger amount of silver present in the area evaluated. However, the size of the spot and particles did not allow determining the proper composition of these particles. Furthermore, an EDS elemental map confirmed the concentration of silver in the zone of the brighter particles observed by SEM, as seen in figure 10 . Nevertheless, the analysis of the isolated Ag map did not reveal any absence of silver localized in specific regions of the image, which confirms the lack of silver redistribution on the bulk material (600 nm). The results did not reveal the presence of Cl either by XPS or EDS spectra, discarding AgCl particles formation.
The formation of these particles on the film surface suggests that despite no silver being diffused throughout the films after immersion, it has some mobility on the surface that allows its redistribution and agglomeration. It is hypothesized that the silver ions produced on the surface of the material form a thin layer of fluid with a high silver ion concentration which due to the neutral pH and the high ionic strength of the electrolyte leads to the silver ions aggregation [38] , which in turn forms particles that start to grow as a function of time, as schematized in figure 11 . Furthermore, it must be mentioned that the particles are linked to the surface of the material since the samples were cleaned in ultrasonic bath during 10 min in distilled water, indicating that the mentioned agglomeration may started on a silver particle remaining attached to the surface.
Conclusion
In this study, a novel type of metal-hard compound, namely ZrCN with silver nanoparticles (ZrCN-Ag NPs) has been successfully produced by magnetron sputtering. The material structure was identified as a mixture of crystalline and amorphous phases among which the ZrC 0.35 N 0.65 is highlighted as the predominant phase. However, additional phases such as a-C and CN x amorphous phases were also identified. The silver was found in the form of nanoparticles embedded in the matrix, forming both clusters and metallic bonds, with a reduction of almost 13% of the cluster form on the surface compared to the interior of the film.
After the samples are in contact with the Hank's balance solution, only 0.7% of silver is released to the electrolyte during the first 2 h of immersion and no further release is noticed for 48 and 168 h of immersion. The electrolyte was observed to penetrate no further than 5 nm during the 168 h of immersion, which may prevent further silver ionization, working as a self-controlled material for silver release, favouring the use of such material for application in which wear of the material is expected. The wear, in such cases, may allow the electrolyte to interact with the silver located deeper in the films, activating new silver ion release. However, these mechanisms are to be assessed in further studies in order to be confirmed. In addition, the samples showed silver mobility and redistribution on the material surface but also without any extra silver ionization.
